Arachidonate epoxidation, which mediates important biological functions in several tissues, is catalyzed by specific cytochrome P450 (CYP) enzymes. Two fatty acid derivatives (2-(2-propynyloxy)-benzenehexanoic acid [PPOH], and N-(methylsulfonyl)-2-(2-propynyloxy)-benzenehexanamide [MS-PPOH]) are used as general, mechanism-based CYP epoxygenase inactivators, but the effects of these drugs on nearly all CYP isoforms are unknown. Presently, the activity of these compounds on 9 human and 3 rat recombinant CYPs were studied. As expected, PPOH inhibited 5 known epoxygenases (CYPs 2B1, 2B6, 2C6, 2C9, and 2C11 [IC 50 = 23 -161 µM]), but had little or no activity on CYPs typically not considered to be epoxygenases (CYPs 1A1, 1A2, 1B1, 2A6, 2D6 and 2E1). PPOH was only a very weak inhibitor (IC 50 ~ 300 µM) of CYP2C19, an important human expoxygenase. Unexpectedly, MS-PPOH (a metabolically stable congener of PPOH) potently inhibited only two CYP epoxygenases (2C9 and 2C11, IC 50 = 11-16 µM), and showed considerably lower activity (IC 50 > 90 µM) on all other CYPs tested, including 3 epoxygenases (CYPs 2B1, 2B6, and 2C19). In addition, PPOH and MS-PPOH displayed time-and NADPH-dependent inhibition of CYP2C9 and other epoxygenases. These results support the putative mechanism of action of PPOH and MS-PPOH on recombinant CYPs, and (with one exception) confirm a general epoxygenase inhibitory profile for PPOH. However, the heterogeneity of inhibitory potencies for MS-PPOH on these enzymes suggests caution in the use of this drug as a general epoxygenase inhibitor. These results will facilitate the judicious use of PPOH and MS-PPOH for epoxygenase research.
DMD#37424
Cytochrome P450s (CYPs) belong to a superfamily of heme-containing mixed-function oxidases which catalyze the production of hydroxylated, epoxygenated or dealkylated metabolites (Correia and Ortiz de Montellano PR, 2005) . In addition to their well-established roles in xenobiotic metabolism, CYPs function in diverse endogenous pathways, including steroid biosynthesis and fatty acid metabolism (Capdevila and Falck, 2002) . Specifically, CYP epoxygenases (Spector, 2009; Capdevila and Falck, 2002) , which catalyze the conversion of arachidonate to epoxyeicosatrienoic acids, are receiving increased attention due to the pharmacological activities of these products (McGiff and Quilley, 2001; Roman, 2002; Spector, 2009; Spector and Norris, 2007; Iliff, et al., 2010) .
PPOH and MS-PPOH are fatty acid derivatives (see Fig. 1 ) which are used as experimental epoxygenase inhibitors (Brand-Schieber, et al., 2000; Wang, et al., 1998) . Both compounds selectively inhibit arachidonate epoxygenase (vs. arachidonate hydroxylase) activity in renal cortical microsomes (Brand-Schieber, et al., 2000; Wang, et al., 1998) . Studies of the CYP isoforms thought to be important for kidney epoxygenase activity found that PPOH inhibits recombinant rat CYP4A2 and CYP4A3 (Nguyen, et al., 1999) . A related study showed that MS-PPOH blocks human CYP2C8 epoxygenase activity (Brand-Schieber, et al., 2000) . However, PPOH and MS-PPOH have been used in vitro as selective CYP epoxygenase inhibitors not only in the kidney (Brand-Schieber, et al., 2000; Wang, et al., 1998; Imig, et al., 1999) , but also in astrocytes (Rzigalinski, et al., 1999) and in pulmonary arteries (Zhu, et al., 2000) . MS-PPOH, a metabolically stable congener of PPOH (Wang, et al., 1998; Schaaf and Hess, 1979) , has been used both in vivo and in vitro to block renal (Brand-Schieber, et al., 2000) and brain (Peng, et al., 2002; Bhardwaj, et al., 2000; Conroy, et al., 2010) epoxygenases. Thus, PPOH and MS-PPOH have been used to target CYP epoxygenases throughout the body, but the CYP isoforms DMD#37424 5 responsible for the extra-renal actions of these drugs are unknown. Since arachidonic acid epoxidation can be catalyzed by numerous CYPs (primarily of the CYP1 and CYP2 gene families [Imaoka, et al., 2005; Fer, et al., 2008; Choudhary, et al., 2004; Lucas, et al., 2010] ), it is important to assess the activity of these drugs on CYP1 and CYP2 isoforms.
Terminal acetylenic fatty acids function as "suicide substrates" which undergo catalytic oxidation, followed by inactivation of the enzyme (Zou, et al., 1994; Ortiz de Montellano and Reich, 1984) . These suicide substrates, also known as mechanism-based inactivators, require an active enzyme and therefore demonstrate time-and NADPH-dependent activity. PPOH and MS-PPOH both possess terminal acetylene groups ( Fig. 1) and are thought to act as mechanismbased inactivators, but this is not well-established. Although PPOH showed time-and NADPHdependent inhibition of renal microsomal epoxygenase activity (Wang, et al., 1998) , MS-PPOH actions have never been studied by such criteria. In vivo, MS-PPOH showed time-dependent (i.e. irreversible) enzyme inhibition, but NADPH-dependence was not assessed (BrandSchieber, et al., 2000) . Neither time-dependent nor NADPH-dependent inhibitory actions has been documented by these drugs on any recombinant CYP. Presently, the selectivity and mode of action of PPOH and MS-PPOH have been investigated on several human and rat recombinant CYPs.
Materials and Methods
Materials. 7-Ethoxy-4-trifluoromethylcoumarin (EFC) was purchased from Invitrogen (Carlsbad, CA). Resorufin benzyl ether was purchased from AnaSpec, Inc. (San Jose, CA). 7-Methoxy-4-trifluoromethylcoumarin (MFC), 7-hydroxy-4-trifluoromethylcoumarin (HFC), dibenzylfluorescein (DBF), 3-cyano-7-ethoxycoumarin, 3-[2-(N,N-diethyl and conditions were performed as described by BD Bioscience high-throughput P450 screening kits and by Crespi et al. ( 1997) . IC 50 values were determined and reported for 3 human CYPs.
Recombinant rat CYP enzyme assays (CYP2B1, 2C6, and 2C11 For CYP2B1 or CYP2C6 assays, EFC in 100 % acetonitrile was added into the reaction mixtures containing the "low" NADPH-regenerating system (final concentrations of 8.1 µM NADP + , 0.4 mM glucose-6 phosphate, 0.2 U/mL glucose-6 phosphate dehydrogenase, and 0.4 mM magnesium chloride) in 0.1 mL buffer, followed by pre-incubation at 37° C for 15 min. To measure CYP2C11 (1 pmol), the conditions discussed above were used except that EFC was replaced by DBF (0.5 μ M unless specified otherwise) , a "high" NADPH-regenerating system (final concentrations of 1.3 mM NADP + , 3.3 mM glucose-6 phosphate, 0.4 U/mL glucose-6 phosphate dehydrogenase, and 3.3 mM magnesium chloride) replaced the "low"
NADPH-regenerating system, and the reactions were terminated by the addition of 75 µL of 2N
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were used to monitor fluorescein formation.
IC 50 determinations for rat CYPs. The incubation system contained 50 mM potassium phosphate buffer (pH 7.4), appropriate amount of NADPH-regenerating system (from above section), recombinant CYP, substrate, and inhibitor in a final volume of 200 µL. After a 10 min preincubation at 37ºC of the NADPH regenerating system, the reaction was initiated by adding enzyme and substrate, followed by a 30 min incubation, and stopped as described above.
Enzyme amounts and substrate concentrations were 1 pmol CYP2B1 (37.5 µM EFC), 0.5 pmol CYP2C6 (5 µM EFC), or 1 pmol CYP2C11 (0.5 µM DBF). The control incubations contained NADPH-regenerating system, substrate and enzyme without inhibitors in buffer.
Calculations. Rat CYP substrate-velocity curves were fitted to the Michaelis-Menten equation for a single enzyme model and kinetic parameters calculated by nonlinear regression using Prism 5.0 (GraphPad Software Inc., San Diego, CA). IC 50 values were estimated from concentration-response curves by nonlinear regression (Prism 5.0) using the sigmoidal doseresponse with variable slope function. Data were normalized to percent of control responses, such that tops of all curves were constrained to 100%. In cases where inhibition was not complete at the highest drug concentrations tested, the bottoms of the curves were constrained to zero. Converged fits yielded IC 50 values along with 95% confidence intervals.
Results
Recombinant rat CYP activities. Preliminary studies using the substrates at the specified concentrations found that product formation from the rat enzymes was linear with time CYP2B1, CYP2C6 and CYP2C11, respectively, not shown). Varying the ionic strength of the buffer had no effect on CYP2C6 and CYP2C11 from 25 mM to 100 mM potassium phosphate, pH 7.4. However, activity for CYP2B1 was improved at lower ionic strengths (25 or 50 mM vs. 100 mM, data not shown). Substrate-velocity curves for all three rat enzymes gave good fits to Michaelis-Menten kinetics (Table 1) . Lineweaver-Burk analysis of the same data gave good agreement (data not shown).
IC 50 determinations. PPOH and MS-PPOH were screened on 9 human and 3 rat CYPs (Table 2 ). PPOH and MS-PPOH showed little to no inhibitory activity on human CYPs 1A1, 1A2, 1B1, 2A6, 2D6, or 2E1 (<20 % inhibition at 80 µM). Inhibitory concentration-response curves for PPOH and MS-PPOH were constructed on the remaining CYP isoforms (Fig. 3) . On the human enzymes, PPOH was a potent inhibitor of 2C9 and 2B6 (IC 50 values =23 and 63 µM, respectively, Fig. 3B ), but showed considerably weaker activity toward 2C19 (IC 50 ~ 300 µM, Fig. 3B ). On the rat CYP isoforms, PPOH had potent inhibitory activity on 2B1 and 2C11 (IC 50 values = 23 and 73 µM, respectively), with weaker activity (IC 50 = 161 µM) on 2C6 (Fig. 3D) .
Surprisingly, the spectrum of action of MS-PPOH did not always mirror that of PPOH on rat or human CYP isoforms. Similar to the effects of PPOH, MS-PPOH was a potent inhibitor of human 2C9 and rat 2C11 (IC 50 values = 11 and 16 µM, respectively, Figs 3A, 3C), and showed weak activity on human 2C19 (Fig. 3A) . Unlike PPOH (which was a moderate to potent inhibitor of the 2B isoforms), MS-PPOH was very weakly active as an inhibitor of rat CYP2B1
and human CYP2B6 (Fig. 3) .
This article has not been copyedited and formatted. The final version may differ from this version. (Fig 4A) . When this preincubation was performed without NADPH-regenerating system, the inhibition was 50%, similar to the results obtained in the absence of preincubation (Fig 4A) . PPOH (5 µM) inhibited CYP2C9 activity by 63% and 90%
respectively, in the absence and presence of the 30 min NADPH preincubation, and 63% when the 30 min preincubation omitted NADPH (Fig 4B) . Miconazole, an imidazole-based inhibitor presumed to act as a competitive, reversible inhibitor, showed neither time-nor NADPH-
dependence on human CYP2C9 when tested between 0.05-1 µM (Fig. 4C) . Preincubation of CYP2B1 with PPOH also demonstrated time-dependent enzyme inactivation, which was reversed by omission of the NADPH regenerating system (Fig. 4D) . Experiments similar to those of Fig. 4 found time-and NADPH-dependent inactivation of rat CYP2C6 (Fig. 5B ) and CYP2C11 ( Fig. 5D ) by PPOH; MS-PPOH had similar actions on these enzymes (Figs. 5A, 5C ).
Discussion
Extrahepatic CYPs are known to regulate many aspects of cellular homeostasis, including steroid hormone biosynthesis, vitamin bioactivation, and cholesterol and fatty acid metabolism (Correia and Ortiz de Montellano, 2005) . In addition, many organ-specific specialized roles for these enzymes have been revealed. For example, recent studies have shown that brain CYP activity is important for neuro-glial-vascular coupling (Iliff, et al., 2010) , and in mediating opioid analgesic drug action (Conroy, et al., 2010) . Such studies emphasize the need for rapid, efficient MS-PPOH on these enzymes (Table 2) . Since the effects of some P450 inhibitors have been found to be substrate-dependent (Schwarz and Roots, 2003) , complementary studies with other substrates would also be of interest.
Very little is known about the molecular targets for PPOH and MS-PPOH. In the initial report (Wang, et al., 1998) , both compounds potently inhibited arachidonic acid epoxygenase activity in rat renal cortical microsomes (IC 50 values were 9 and 13 μ M, respectively). A 10-20
fold selectivity for inhibition of arachidonate epoxygenase vs. hydroxylase activity by these drugs was demonstrated (Wang, et al., 1998) . Subsequently, PPOH was shown to block the kidney-related CYP4A2 and CYP4A3 epoxygenase activity (IC 50 = 22 and 6.5 µM, respectively), but not CYP4A1 ω -hydroxylase activity (Nguyen, et al., 1999) . In another study related to kidney epoxygenases, MS-PPOH was reported to potently inhibit human CYP2C8 epoxygenase activity (Brand-Schieber, et al., 2000) . Thus, despite the use of these drugs as general epoxygenase inhibitors in the literature (Bhardwaj, et al., 2000; Imig, et al., 1999; Rzigalinski, et al., 1999; Brand-Schieber, et al., 2000) , only 3 recombinant epoxygenases were previously known to be blocked by PPOH and MS-PPOH ( Table 2) . As discussed below, the present results have 1) identified several new CYP epoxygenase isoforms as targets for these drugs, 2) found large potency differences among CYP epoxygenases in their sensitivity to these compounds, 3) discovered important differences between the inhibitory actions of PPOH and MS-PPOH, and 4) confirmed that both compounds act as mechanism-based inactivators on the newly-documented epoxygenase targets.
Although PPOH and MS-PPOH selectively block kidney epoxygenase activity (Wang, et al., 1998) , these drugs cannot be assumed a priori to block all CYP epoxygenase isoforms. On the contrary, the present results show that, of the 6 newly-identified PPOH epoxygenase targets, This article has not been copyedited and formatted. The final version may differ from this version. the drug is a potent inhibitor of CYP2B1 and CYP2C9, a moderate inhibitor of CYP2B6 and CYP2C11, but only a weak inhibitor of the CYP2C6 and CYP2C19 (Table 2) . As discussed further below, the inhibitory profile of MS-PPOH was similar to that of PPOH, except for the CYP2B isoforms (Table 2 ). In addition, the findings that both drugs are inactive on the nonepoxygenase CYP isoforms (human CYP1A1, 1A2, 1B1, 2A6, 2D6 or 2E1) are consistent with the putative epoxygenase-inhibitory profile of these compounds. These results confirm that an inhibitory action of PPOH or MS-PPOH in a biological system may indeed imply a mechanistic role for epoxygenase activity. However, since there is considerable heterogeneity in potencies of these drugs across the epoxygenases tested (Table 2) , the absence of an effect of one of these drugs does not exclude the importance of an epoxygenase-based mechanism. Additional studies are needed to assess the significance in vivo of the presently-described potency differences for MS-PPOH, but it can be estimated (Brand-Schieber, et al., 2000) that low systemic doses of this drug achieve tissue levels in the low micromolar range, commensurate with the potent activities reported ( Table 2 ).
The presently-observed potencies of MS-PPOH on rat CYP2C11 and human CYP2C9 (IC 50 s = 11 -16 µM, Table 2 ) are comparable to those previously reported for this drug on human CYP2C8 (15 µM, (Brand-Schieber, et al., 2000) ), rat CYP4A2 (22 µM) and rat CYP4A3 (6.5 µM) (Nguyen, et al., 1999) . This inhibition of specific 2C epoxygenases (Table 2) by MS-PPOH validates some of the prior uses of this drug. For example, inhibition of glial-neuralvascular coupling by in vivo administration of MS-PPOH was speculated to occur via blockade of the brain epoxygenase CYP2C11 (Peng, et al., 2002; Iliff, et al., 2010 ). The present findings, which are the first to directly measure activity of the drug on CYP2C11, show potent inhibition of this enzyme, supporting this hypothesis. By similar reasoning, Table 2 administration of MS-PPOH may or may not block CYP2C6 (another brain epoxygenase, Iliff, et al., 2010) , as the drug is six-fold less potent on CYP2C6 vs. CYP2C11. Given the very high homology between human CYP2C19, rat CYP2C11 and rat CYP2C6 (demonstrated readily by BLAST searches), the notable heterogeneity in the inhibitory actions of PPOH and MS-PPOH on these 2C epoxygenases (Table 2 ) requires further study. These findings will also aid in the search for the identity of the brain epoxygenases relevant to the relief of pain. For example, brain-administered MS-PPOH was recently shown to block morphine analgesia (Conroy, et al., 2010) . It should be noted that the rat brain contains several epoxygenases in addition to those found in Table 2 which have not yet been studied for sensitivity to MS-PPOH. These include members of the 2J, 4X, and 2D families (Iliff, et al., 2010) .
MS-PPOH was designed to be a systemically-acting congener of PPOH. Conversion of PPOH's free carboxylic acid function to the methylsulfonyl amide derivative (Fig. 1 ) was expected to confer resistance to β -oxidation (Wang, et al., 1998; Schaaf and Hess, 1979) , but resulting alterations in pharmacodynamic properties were not anticipated and have never been
reported. The present studies show both strong similarities and notable differences between the effects of MS-PPOH and its parent drug. As discussed, the drugs exerted similar, but heterogeneous potencies across the human and rat 2C isoforms. However, the findings that the carboxylate-modified MS-PPOH is a 5-10 fold weaker inhibitor of the rat and human 2B
enzymes when compared with PPOH shows the latter drug to be generally a more versatile inhibitor of the CYP2B and 2C epoxygenases. Although the mechanisms accounting for the low potency of MS-PPOH on the CYP2B epoxygenases are unknown, the present studies suggest caution when interchanging these compounds as epoxygenase inhibitors. In addition, although PPOH is of limited value in vivo, the pharmacological differences identified presently between This article has not been copyedited and formatted. The final version may differ from this version. PPOH and MS-PPOH may assist in the in vitro characterization of the enzymatic basis for epoxygenase activity in specific tissues.
The terminal acetylenic drugs PPOH and MS-PPOH were designed to be mechanismbased epoxygenase inactivators (Brand-Schieber, et al., 2000; Wang, et al., 1998) 
